This paper deals with experimental investigation and modeling of dynamic friction behaviors in the sliding regime of pneumatic cylinders. Using three pneumatic cylinders, friction characteristics are investigated and modeled under various conditions of velocity variation and pressures. It is shown that a hysteretic behavior can be seen at low velocities in the friction force-velocity relation and the friction force varies nearly linearly with the velocity at high velocities. The hysteretic loop is expanded to higher velocities when the frequency of the velocity variation is increased, and its size is increased with increasing driving pressure and is decreased with increasing resistance pressure. It is shown that such behaviors can be relatively accurately simulated by the new modified LuGre model in which a few static parameters are varied with the frequency of velocity variation.
Introduction
Friction is always present in a pneumatic cylinder system and makes the dynamics of the system rather complex and precise position/velocity control is usually difficult. It is, therefore, necessary to investigate the friction behaviors of a pneumatic cylinder and develop a suitable friction model in order to predict the behaviors of the pneumatic cylinder system or improve its control performance. However, to the best of the authors' knowledge, the friction characteristics of pneumatic cylinders under dynamic conditions have not been investigated. This is partly because of difficulty in controlling the velocity of the pneumatic cylinders.
Several experimental methods have been proposed to investigate the friction characteristics in the sliding regime of pneumatic cylinders. Schoroeder and Singh [1] proposed an experimental test setup in which the friction force was calculated by detecting the force exchanged by the rods of the tested pneumatic cylinder and of a load pneumatic cylinder assembled with a reversed working direction. Belforte et al. [2] proposed an experimental test setup in which the velocity of the test pneumatic cylinder was controlled by a driving hydraulic cylinder and the pressures of the chambers were controlled by proportional pressure control valves in order to measure the friction force under a broad range of operating conditions of velocity and pressures. Nouri [3] proposed an experimental test setup to identify the friction force in both the pre-sliding and sliding regimes of a rodless cylinder. However, all these experimental methods focused mainly on investigating the steady-state friction characteristics.
Several mathematical models that describe the dynamic behaviors of friction have been proposed so far [4] [5] [6] [7] [8] [9] and among them, the LuGre model [6] is most widely utilized. However, all these models cannot simulate well the dynamic friction behaviors of a hydraulic cylinder in the sliding regime as shown in [10] . Yanada and Sekikawa [10] have made a modification to the LuGre model by incorporating lubricant film dynamics into the model and it has been shown that the proposed model, called the modified LuGre model, can simulate the dynamic behaviors of friction observed in hydraulic cylinders with a relatively good accuracy [10] [11] [12] .
Tran et al. [13] have shown that the modified LuGre model is valid only in the negative resistance regime and cannot simulate the hysteretic behaviors observed in hydraulic cylinders in the fluid lubrication regime. In addition, they have revised the modified LuGre model by replacing the usual fluid friction term with a first-order lead dynamics and have shown the usefulness of the new modified LuGre model in the entire sliding regime. Al-though the new model can simulate almost all the dynamic friction behaviors of hydraulic cylinders, the validity of the new model in simulating the dynamic friction behaviors of pneumatic cylinders has not been investigated.
In this paper, dynamic friction behaviors of pneumatic cylinders are examined in the sliding regime under various operating conditions of velocity variation and pressures. In addition, the new modified LuGre model is validated using measured dynamic friction characteristics. A parameter investigation is also conducted to identify the influence of the pressures in the cylinder chambers on the parameters of the new modified LuGre model. This paper is organized as follows: Section 2 describes the test setup and experiments and Section 3 describes the new modified LuGre model. Experimental and simulation results are presented and discussed in Section 4. Finally, conclusion is given in Section 5.
Test Setup and Experiments
The test setup used in this investigation is shown in Figure 1 . It consists of a pneumatic cylinder under test and an electrohydraulic servo cylinder system. The pneumatic piston was driven by the hydraulic piston in order to accurately control the velocity of the pneumatic piston. The pressures in two chambers of the pneumatic cylinder were independently controlled by using two proportional pressure control valves. The valves provide air flow up to 0.025 m 3 /s and allow controlling the pressures up to 0.65 MPa. The motion of the hydraulic piston was controlled by a computer through an amplifier and a servovalve. The supply pressure of the servovalve was set at 2 MPa, providing enough force to drive the pneumatic piston.
A load cell with a rated output of 500 N and with an accuracy less than 0.15% R.O. was set between the rod of the pneumatic cylinder and the rod of the hydraulic cylinder and was used to measure the force acting on the pneumatic piston. Two pressure sensors with an accuracy less than 2% F.S. were used to measure the pressures, p 1 and p 2 , in the cylinder chambers, and the piston velocity, v, was measured using a tachogenerator with a ripple of less than 2% by converting linear motion of the piston to rotational motion through a pulley and belt system.
The signals of velocity, pressures, and force from the sensors were read into the computer through an A/D converter and the computer provided the control signals to the proportional valves and the servovalve though a D/A converter. Experimental data, i.e., velocity, v, pressures, p 1 and p 2 , and force acting on the load cell, F L , were recorded at the interval of 0.5 ms (2 kHz). The acceleration, a, of the piston was calculated by an approximate differentiation of the piston velocity accompanied by an acausal first-order low pass filter with 50 Hz cutoff frequency. The velocity of the pneumatic piston, v, and the pressures, p 1 and p 2 , were controlled by using PID control laws.
The friction force, F r , is obtained from the equation of motion of the pneumatic piston using the measured values of the pressures in the cylinder chambers, the inertia force and the force acting on the load cell as follows:
where m is the mass of the pneumatic piston and A 1 , A 2 are the piston areas. Three different pneumatic cylinders, i.e., standard, smooth, and low speed cylinders were used for the experiments. They are of the same size but have different operating conditions of the velocity and pressure as shown in Table 1 . In the experiment, dynamic friction characteristic was measured under different conditions of the velocity variation and pressures. The input velocity of the pneumatic piston was varied sinusoidally in both the extending and retracting strokes of the cylinders at different frequencies. The pressures, p 1 and p 2 , in the cylinder chambers were varied between 0 and 0.6 MPa. The pressure, p 1 or p 2 , is defined as the driving pressure when the direction of the force acting on the piston caused by the pressure is similar to that of the piston motion, and the other one is defined as the resistance pressure. Every 
Friction Models
Tran et al. [13] have extended the modified LuGre model [10] for simulating the dynamic behaviors of friction of hydraulic cylinders in the fluid lubrication regime by replacing the usual fluid friction term with a first-order lead dynamics. The model is called the new modified LuGre model and is described by
where z is the mean deflection of surface asperities, v is the relative velocity between the two surfaces in contact, F r is the friction force, σ 0 is the stiffness of the surface asperities, σ 1 is the micro-viscous friction coefficient, σ 2 is the viscous friction coefficient, and T is the time constant for fluid friction dynamics. g(v,h) is a Stribeck function that expresses the Coulomb friction and the Stribeck effect, i.e., friction decreases with increasing velocity in certain low velocity regime [4] , and is given by
where F c is the Coulomb friction force, F s stands for the maximum static friction force, v s is the Stribeck velocity, and n is an appropriate exponent. g(v,h) in Equation (4) is obtained by incorperating lubricant film dynamics into the Stribeck function g(v) of the LuGre model [10] :
The lubricant film dynamics can be given by
where h ss is the dimensionless steady-state lubricant film thickness parameter, K f is the proportional constant for lubricant film thickness, v b is the velocity within which the lubricant film thickness is varied, and τ hp , τ hn , τ h0 are the time constants for acceleration, deceleration, and dwell periods, respectively. In Equation (7), h < h ss corresponds to the acceleration period, h > h ss to the decaleration period. The lubricant used for the packing of pneumatic cylinders is grease and is not oil. Regarding the behavior of film formation of grease between contact surfaces, it has been shown that the film thickness becomes thinner during acceleration and thicker during deceleration than the steady-state film thickness [14] . This behavior of grease film is the same as that of oil film [15] . Therefore, it is believed that the lubricant film dynamics described by Equations (6) to (9) hold also for grease.
For steady-state, friction force is given by
In this paper, the new modified LuGre model was validated by comparing the measured results with the ones simulated by the model. Simulation was done using MATLAB/Simulink. Measured velocity wave forms were used as the input to the model. The static parameters of the model, F s , F c , v s , v b , n, and σ 2 , were identified experimentally from the steady-state friction characteristics using the least-squares method and the dynamic parameters, σ 0 , σ 1 , σ h , and T were identified experimentally by the method proposed in [11, 13] . Figure 2 shows the steady-state friction characteristics measured for the three pneumatic cylinders in both the extending and retracting strokes. The pressures p 1 and p 2 in the cylinder chambers were kept constant at 0.3 and 0 MPa, respectively, in the extending stroke (Figure 2(a) ), and were kept constant at 0 and 0.3 MPa, respectively, in the retracting stroke (Figure 2(b) ). As can be seen from Figure 2 , the standard cylinder shows a typical Stribeck curve and the negative resistance regime is clearly seen in both the extending and retracting strokes. However, the smooth and low speed cylinders do not show the negative resistance characteristic and the friction force is increased almost linearly with the velocity in the whole velocity range. The grease and packing material used for the smooth and low speed cylinders, which are industrial secrets, are different from those used for the standard cylinder. It is considered that those differences yield the difference in the friction characteristic. Figure 3 shows the steady-state friction characteristics measured under different pressures of p 1 and p 2 for the standard cylinder in the extending stroke. In this case, p 1 is the driving pressure and p 2 he resistance pressure. is t Figure 3(a) that the friction force increases with the driving pressure p 1 in the whole range of the velocity. In Figure 3(b) , the friction force increases with the resistance pressure p 2 in the velocity range of 0.01 m s v  but slightly decreases with the resistance pressure p 2 at small velocities. Figure 4 shows the steady-state friction characteristics measured under different pressures of p 1 and p 2 for the standard cylinder in the retracting stroke. In this case, p 2 is the driving pressure and p 1 is the resistance pressure. Figure 4(a) shows the friction characteristics measured under different values of the pressure p 2 when the pressure p 1 is kept constant at 0 MPa, and Figure 4(b) shows the friction characteristics measured under different values of the pressure p 1 when the pressure p 2 is kept constant at 0.6 MPa. It is shown in Figure 4 that the friction force decreases with the driving pressure p 2 and increases with the resistance pressure p 1 at velocities larger than 0.01 m/s. However, at low velocities, the friction forces increases with the driving pressure p 2 and slightly decreases with the resistance pressure p 1 . The results obtained in Figures 3 and 4 are in agreement with those obtained by Belforte et al. [2] . The effects of the pressures on the steady-state friction characteristics for the smooth and low speed cylinders were similar to those for the standard cylinder.
Results and Discussion

Steady-State Friction Characteristics
Based on the measured steady-state friction characteristics and the least-squares method, the static parameters of the new modified LuGre model were identified for the three pneumatic cylinders at different conditions of pressures p 1 and p 2 . Table 2 shows the identification results of the static parameters for the three pneumatic cylinders in the extending stroke at an operating condition of p 1 = 0.3 MPa and p 2 = 0 MPa. For different operating conditions of pressures, the identification results showed that the values of the maximum static friction force F s , the Coulomb friction force F c , and the Stribeck velocity v s , of the new modified LuGre model are changed with the pressures while the other static parameters are unchanged with pressures. Figure 5 shows the relations between the values of the parameters, F s , F c , v s , and the pressures, p 1 , p 2 , for the standard cylinder in extending stroke. As can be seen from Figure 5 , the value of F c increases linearly with both p 1 Figure 6 shows an example of the dynamic friction characteristics measured in the extending stroke of the three pneumatic cylinders. Figure 6(a) shows a sinusoiddal velocity variation of the pneumatic piston and Figure  6 (b) shows the friction force-velocity curves. The pressures p 1 and p 2 in the cylinder chambers were kept constant at 0.3 and 0 MPa, respectively. It is shown in Figure 6 (b) that a hysteretic behavior can be observed in the friction force-velocity curves at small velocities
Dynamic Friction Characteristics
for all the three pneumatic cylinders. For the hysteretic loops, the friction force observed during acceleration is larger than that observed during deceleration and the direction of hysteretic loops is clockwise. At cylinders. In this case, the pressures p 1 and p 2 in the cylinder chambers were kept constant at 0 and 0.3 MPa, respectively. As can be seen from . For the smooth and low speed cylinders, the friction force increases almost linearly with the velocity in the whole velocity range. The dynamic friction behaviors shown in Figures 6 and 7 are different from those of hydraulic cylinders; the hysteretic behavior is observed in the whole varying velocity range for hydraulic cylinders [13] . Such difference may be caused by the difference in types of lubricant fluid used in pneumatic cylinders (grease) and hydraulic cylinders (oil). Figure 8 shows the dynamic friction characteristics of the standard cylinder measured at three different frequencies of velocity variation, 0.5, 2, and 4 Hz, for both the extending and retracting strokes. It is shown in Figure 8(a) for the case of extending stroke that when the frequency is increased, the hysteretic loop is expanded to higher velocities and becomes larger. In addition, a reduction of the friction force at small velocities can be seen when the frequency is increased. Similar results are also seen for the case of retracting stroke in Figure 8(b) . The smooth and low speed cylinders showed the dynamic friction characteristics similar to those of the standard cylinder as illustrated in Figure 9 for the low speed cylinder. Figure 10 shows the effects of the pressures p 1 and p 2 on the dynamic friction characteristic for the standard cylinder in the extending stroke. In this case, p 1 is the driving pressure and p 2 is the resistance pressure. Figure  10(a) shows the effect of p 1 when p 2 is kept constant at 0 MPa, and Figure 10(b) shows the effect of p 2 when p 1 is kept constant at 0.6 MPa. As can be seen from Figure 10 , the hysteretic loop becomes larger with increasing driving pressure p 1 and becomes smaller with increasing resistance pressure p 2 . Figure 11 shows the effects of the pressures p 1 and p 2 on the dynamic friction characteristic for the standard cylinder in the retracing stroke. In this case, p 2 is the driving pressure and p 1 is the resistance pressure. Figure  11(a) shows the effect of p 2 when p 1 is kept constant at 0 MPa, and Figure 11(b) shows the effect of p 1 when p 2 is kept constant at 0.6 MPa. As can be seen from Figure 11 , the hysteretic loop becomes larger with increasing driving pressure p 2 and becomes smaller with increasing resistance pressure p 1 . From the results obtained in Figures  10 and 11 , it can be concluded that the size of the hysteretic loop is increased with increasing driving pressure and is decreased with increasing resistance pressure. It seems that these results are closely related to the deformation of the seals caused by the pressures acting on them. The effects of the pressures on the dynamic friction characteristics for the smooth and low speed cylinders were similar to those for the standard cylinder. Using the identification method proposed in [11, 13] , the dynamic parameters of the new modified LuGre model were identified at various conditions of velocity variation and pressures. Table 3 shows the identification results of the dynamic parameters for the three pneumatic cylinders in the extending stroke at an operating conditions of p 1 = 0.3 MPa, p 2 = 0 MPa and f = 0.5 Hz. The values of the time constant, T, was identified as T = 0 s for the three pneumatic cylinders. This result means that the fluid friction dynamics is negligible. Therefore, the new modified LuGre model is reduced to the modified LuGre model for the pneumatic cylinders except for the difference in the definition of v b . In addition, it was shown that the pressures and the frequency of velocity variation have no influence on the dynamic parameters of the new modified LuGre model. Figure 12 shows comparisons between the dynamic friction characteristics measured and the ones simulated by the new modified LuGre model for the standard, smooth and low speed cylinders. As can be seen from Figure 12 , all the simulated results are in good overall agreement with the measured results. However, the hysteretic behaviors of the smooth and low speed cylinders at small velocities are hardly simulated by the new modified LuGre model. increasing frequency. By varying the parameters v b , v s , F c , and σ 2 with the frequency as shown in Equation (12) , the new modified LuGre model can predict accurately the expansion of the hysteretic loop to high velocities as well as the reduction of the friction force at small velocities with increasing frequency as shown in Figure 14 . It is noted in Equation (12) that f is the frequency of velocity variation, f 0 is a standard frequency and takes a value 1 Hz, and v b , v s , F c , and σ 2 are the parameters that are identified from the steady-state friction characteristic at each condition of pressures. The increase of v b and v s with increasing frequency mainly determines the expansion of the hysteresis loop to high velocities, while the decrease of F c and the increase of σ 2 with increasing frequency mainly determine the reduction of the friction force at low velocities. However, a decrease of F c with increasing frequency also leads to a decrease of the maximum value of the friction force as can be seen in Figure 14 . This result differs from the experimental result shown in Figure 8 
Comparison between Experiment and Simulation
The reason for the dependence of these parameters on the frequency may be due to the effect of some other mechanisms that are not incorporated in the friction model. The lubricant used for the packing of pneumatic cylinders is grease and is not oil. Grease possesses rheological characteristics different from those of oil. Grease shows behaviors similar to solid at very low shear rates and those very similar to the base oil of the grease at high shear rates. In addition, some dynamic mechanism may exist in the rheological characteristic of grease under a varying shear rate condition, i.e., under a varying velocity condition. The increase in the magnitudes of v s and v b with the frequency of velocity variation means the extension of the negative resistance regime. These characteristics need to be incorporated into the friction model, though not clear at present. 
Conclusion
In this paper, dynamic behaviors of friction in the sliding regime of pneumatic cylinders are investigated experimentally and simulated using the new modified LuGre model at various conditions of velocity variation and pressures. The experimental results show that a hysteretic behavior can be obtained at low velocities in the dynamic friction force-velocity relation and the friction force varies nearly linearly with the velocity at high velocities. The hysteretic loop is expanded to higher velocities when the frequency of the velocity variation is increased, and its size increases with the driving pressure and decreases with the resistance pressure. The simulation results show that the new modified LuGre model can simulate accurately almost all the dynamic friction behaviors of pneumatic cylinders by varying a few parameters, especially v s and v b , with the frequency of velocity variation. However, the physical meaning of the frequency dependence of the parameters is not clear. The elucidation of the physical meaning, the improvement of the friction model, and the application of the new friction model to the simulation of the dynamic behaviors of pneumatic cylinder systems will be the subjects for future research.
